Abstract: Rheumatoid arthritis
Synthetic and biologic disease-modifying anti-rheumatic drugs (DMARDs) such as methotrexate (MTX) and inhibitors of tumor necrosis factor (TNF)-alpha, have contributed over the past decades to dramatically improving patient outcomes, although treatment efficacy can vary widely across individuals and unresponsiveness can develop over time. Early diagnosis and intervention targeted toward controlling disease activity and reaching and maintaining clinical remission or low disease activity have proven to be efficient strategies to improve outcomes. 4, 5 In this context, repeated disease activity assessments have emerged as an important tool. Monthly assessment of disease activity for patients with moderate to high disease activity, and every 3-6 months for patients with sustained low disease activity or remission, is currently recommended. 6 The importance of disease activity monitoring was also confirmed in several landmark studies assessing the benefit of treat-to-target strategies, including Tight Control of Rheumatoid Arthritis (TiCoRa), Computer Assisted Management for Early Rheumatoid Arthritis (CAMERA), and BeSt (Dutch acronym for Behandel-Strategieen, "treatment strategies"). [7] [8] [9] Disease activity measures such as the 28-joint disease activity score (DAS28), clinical disease activity index (CDAI), simple disease activity index (SDAI), markers of joint damage such as radiographs, physical function assessment by the Health Assessment Questionnaire Disability Index (HAQ-DI) and remission criteria as defined by the American College of Rheumatology (ACR) and European League Against Rheumatology (EULAR), have provided a framework for physicians to evaluate disease activity in patients and their response to treatment. [10] [11] [12] [13] These disease activity measures are based, at least in part, on subjective measures such as patient and physician global assessments, and joint counts. However, these scores have had limited value in assessing disease prognosis, and a need remains to better identify patients at higher risk of radiographic progression or with smoldering disease who would benefit most from early and aggressive intervention, and early assessment of treatment efficacy.
A disease activity score based on serum biomarkers provides the benefit of being objective while simultaneously capturing the pathological processes at a molecular level.
In addition, such a biomarker-based disease activity score allows frequent patient monitoring in a clinical setting, and thus supports rapid treatment adjustment and tighter disease control.
Erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) have shown correlations with disease activity and have proven useful for assessing the clinical response to treatment. 14 Although these are widely used to determine disease activity in patients with RA, alone or as part of the DAS calculation, they present the shortcomings of being systemic markers of inflammation, and thus, non-specific for RA, and of being affected by many external factors. In addition, ESR is not a very sensitive parameter, and CRP, although more sensitive, is often found within normal ranges in patients with active disease who are treated with DMARDs or biologics. 15, 16 Moreover, neither ESR nor CRP can predict the subsequent risk of disease progression in these patients.
Numerous individual biomarkers have been shown to be associated with disease activity; however, they often lack robustness and fall short of representing the complexity of the disease. 17 In a 2014 review on biomarkers for early diagnosis of RA, Chandrashekara speculates that, in a complex disease like RA, it is improbable that a single unique biomarker will be identified to predict development of the disease. 18 In line with that perspective, a multi-biomarker disease activity (MBDA) score, determined from the concentration of 12 serum biomarkers, was developed by Crescendo Bioscience to measure RA disease activity. [19] [20] [21] This review article examines peer-reviewed publications cited in PubMed that describe the development and validation of the MBDA test, and its applications as an objective disease assessment tool in patients with RA. These publications can be categorized into two groups of studies: those that describe the development and validation of the MBDA score and its correlation with other disease activity measures; and those that address use of the MBDA score in patients with early or established RA, treated either as part of a clinical trial or standard of care.
MBDA score development and validation
The MBDA score, which ranges from 1 to 100, was developed to offer clinicians a measurement tool to easily and objectively assess disease activity in patients diagnosed with RA that would correlate with clinical measures commonly used in clinical trials. An additional intent was to capture the complex biological systems affected by the disease. This quantitative score is calculated using an algorithm that combines the concentration of 12 serum biomarkers. The 12 biomarkers and statistical algorithm were determined by studying .1,700 patients (.1,900 samples) from multiple cohorts. The algorithm was 
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Multi-biomarker disease activity score for RA trained through a multi-step process using DAS28-CRP as the reference (Figure 1) . 19, 20, 22 The strength of this approach is the large and independent cohorts of patients used and the statistical modeling methodologies applied. Table S1 ) are measured by immunoassays using multiplex panels on the Meso Scale Discovery platform. The following MBDA categories were validated: low disease activity, MBDA score ,30; moderate disease activity, MBDA score 30-44; and high disease activity, MBDA score .44. These cut-offs were determined based on the corresponding DAS28-CRP values 23 using the relationship specified in the MBDA algorithm: MBDA = round (DAS28-CRP*10.53+1), and validated independently. 19, 20 Table 1 illustrates the clinical characteristics of patients based on this MBDA score classification in validation studies. Based on the same mathematical reasoning, MBDA scores ,26 would be associated with disease in remission, although this threshold has yet to be formally validated. 19, 24, 25 Correlation of MBDA score with other measures of disease activity
The MBDA score was shown to correlate with current clinical disease activity measures in several cross-sectional analyses. The first statistically significant correlations of the MBDA score with DAS28-CRP, SDAI, CDAI, and Routine Assessment of Patient Index Data 3 were reported by Curtis et al, who studied a validation cohort of 426 patients; significant associations were observed in both seropositive and seronegative patients (Table 2) . 20 These results were corroborated by the analyses reported in early RA patients from the BeSt cohort. 24 In this work, a cross-analysis of 179 patient visits showed significant correlations between the MBDA score and DAS28-ESR (r=0.66), SDAI (r=0.67), CDAI (r=0.56), and HAQ-DI (r=0.50), all with P,0.0001 ( Figure 2) . A correlation between MBDA score and DAS28-CRP was also reported in the early RA patient population from the Computer Assisted Management in Early Rheumatoid Arthritis cohort. 21 In this study, performance of the MBDA score 21 showed that MBDA score, unlike CRP, was an independent predictor of DAS28-CRP as evaluated by multivariate analysis.
Performance of the MBDA score in patients with comorbidities
The impact of comorbidities on any clinical disease activity assessment tool is important to consider. For example, it is known that acute-phase proteins such as CRP or SAA are a reflection of systemic inflammation. Likewise, cytokines such as IL-6 can be elevated in conditions other than RA. To date, limited data have been published on the impact of comorbidities on the MBDA score. The impact of hypertension, osteoporotic fracture, degenerative joint disease, diabetes, and asthma were assessed as part of the development of the MBDA algorithm. 19 Evaluation of the ratios of median MBDA scores in RA patients with and without comorbidities showed that none of these comorbidities was associated with significant and meaningful influences on the score (Table 3) . However, further studies are needed to confirm this and to assess the impact of infections, vaccinations, and other conditions that could potentially affect the score.
Monitoring treatment response with the MBDA score
It is important that performance of a disease activity scoring system be evaluated in the context of available and forthcoming treatments to demonstrate a change (∆) in disease activity over time in treated patients who respond to the treatment, and to determine whether interpretation of the changes is consistent across treatments. A scoring system with objective interpretation guidelines will be valuable for clinicians. Because ∆MBDA score reflects the underlying biological changes in treated patients rather than just changes in the signs and symptoms, it is relevant not only to study the score in treated patients, but also to assess its relationships with current measures of treatment response.
The overall association between MBDA score and clinical response has been reported for cohorts of patients treated with different therapeutic modalities, including non-biologic and biologic DMARDs, administered to treatment-naïve patients as well as inadequate responders. The MBDA score has been shown to track disease activity following treatment 
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Multi-biomarker disease activity score for RA initiation, to distinguish changes in disease activity for patients stratified by EULAR response criteria, and to reflect dose effects in patients treated with a novel therapeutic under investigation. 20, 21, 24, 26, 27 Curtis et al 20 reported on the ∆MBDA score from baseline to the final visit (week 6 or 12) in a group of 45 patients with active disease from the Nested-1 substudy of the Brigham Rheumatoid Arthritis Sequential Study (BRASS), 28 a prospective observational study of MTX and anti-TNF treatment designed to identify treatment response. In this work, Curtis et al showed that the ∆MBDA score was significantly associated with ∆DAS28-CRP (Spearman's r=0.51, P,0.001) and ACR-N (index of improvement of rheumatoid arthritis) scores at week 6 or 12 (r=0.45, P=0.002). 20 Furthermore, they showed that ∆MBDA score could discriminate clinical responders from non-responders. Similarly, in Hirata et al, 24 a significant correlation between ∆MBDA score from baseline to 1 year and ∆DAS28-ESR was reported for a cohort of 54 patients receiving either MTX or MTX plus infliximab (r=0.55, P,0.0001). A significant correlation was also reported with ∆SDAI (r=0.35, P=0.0158) but not with ∆CDAI (r=0.18, P.0.05). In addition, the authors showed that MBDA scores were associated with ACR/EULAR Boolean remission (28-joint tender joint count (TJC28) ,1, 28-joint swollen joint count (SJC28) ,1, VAS-GH (visual analog scale-global health) ,1, CRP ,1 mg/dL; P,0.0001) and that remission by MBDA score (,26) was also associated with remission by DAS28-ESR, SDAI, and CDAI. 24 The ability of the MBDA score to detect changes in response to treatment was also reported in Bakker et al. 21 In this controlled study, patients with early RA were initially treated with MTX while randomly assigned to either an intensive or a conventional treatment strategy. Analysis of a group of 46 patients with MBDA score at baseline and 6 months showed that the mean ± standard deviation MBDA score dropped significantly from 53±18 to 39±16 (P,0.0001). In addition, separate analyses of the intensive and conventional treatment groups showed that there was a significant decrease in MBDA score in the intensive strategy group (P,0.0001; Figure 3 ).
More recently, changes in MBDA score in 147 MTX inadequate response patients treated with TNF inhibitors for a period of 1 year in clinical practice were reported. 27 A significant association was observed between ∆MBDA score and EULAR response, with a greater median decrease in MBDA score reported in EULAR good responders than in Abbreviations: CDAi, clinical disease activity index; DAS28, 28-joint disease activity score; eSR, erythrocyte sedimentation rate; MBDA, multi-biomarker disease activity; SDAi, simple disease activity index. 
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Hirata et al EULAR non-responders (Figure 4) . A significant decrease in MBDA score and a correlation between ∆MBDA score and ∆DAS28-ESR (r=0.48) and DAS28-CRP (r=0.46) were also reported. In addition, the authors studied the relationships between ∆MBDA score and ∆DAS28-ESR or ∆DAS28-CRP in response to adalimumab, etanercept or infliximab, which were used in the study, and showed that there were no significant differences in the linear relationships between these changes. These findings support the conclusion that the biomarker-based score behaved in a similar manner in patients treated with any of these three TNF inhibitors.
Predicting radiographic damage with the MBDA score
One of the primary goals of RA treatment has been to prevent or limit joint damage and functional disability. Availability of measurements that would easily identify patients at most risk of radiographic progression and those with lesser risks would allow for a more personalized therapeutic approach, including rapid treatment adjustments, and would contribute to improving patient outcomes. Several publications on the MBDA score have indicated that remission or low disease activity as categorized by the MBDA score was associated with limited radiographic progression in patients with early RA or established RA treated with DMARDs and, conversely, that higher MBDA scores were associated with an increased risk of radiographic progression. 25, 29, 30 van der Helm-van Mil et al evaluated the radiographic progression of 163 patients (271 visits) in the Leiden Early Arthritis cohort and assessed whether the MBDA score was predictive for risk of radiographic progression. The authors reported that among patients in DAS28-CRP remission (,2.32), having a high (.44) MBDA score was a significant indicator of elevated risk of radiographic progression over the following 12 months, and the patients were 2.28 (95% confidence interval 1.13, 3.68) times as likely to experience joint damage progression. This finding demonstrates the potential clinical utility of a biomarker-based score for detecting patients with subclinical disease activity versus those who are in clinical remission and do not experience radiographic progression. 25 In a study conducted by Markusse et al, 180 serum samples were analyzed from patients enrolled in the BeSt study. The authors reported that in patients initiating treatment at baseline, the MBDA score predicted radiographic damage progression from baseline to year 1 and from year 1 to year 2. patients with early RA, the baseline MBDA score was an independent predictor of the risk of rapid radiographic progression (change in Sharp-van der Heijde score .5) at 1 year, with rapid progression observed in none of the patients with low (,30) MBDA scores, 3% of those with moderate (30-44) MBDA scores, and 21% of patients with high (.44) MBDA scores. 30 The authors also reported that the baseline MBDA score was more effective than baseline CRP or DAS28-ESR at differentiating between rapid progressors and non-progressors ( Figure 5 ).
Reported impact on clinical decision-making
In addition to reports showing the benefit of the MBDA score as a tool to assess disease activity, a small number of studies have evaluated the impact of the MBDA score on the physician decision-making process. 31, 32 In particular, Li et al reported that incorporating the MBDA score as part of patient assessment can result in changed treatment plans and treatment decisions by office-based rheumatologists.
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Discussion
Since the MBDA score is entirely based on concentration of serum markers, one can expect a certain level of discordance at times between this score and clinical disease activity measures. Observed clinical manifestations could be the result of processes other than RA, such as in patients with fibromyalgia or other comorbidities. Preliminary results, published in a review by Segurado and Sasso, indicated that the MBDA score might not be influenced by fibromyalgia and thus may provide a more accurate evaluation of RA disease activity than other composite clinical measures in patients with RA and fibromyalgia. 33 Use of the MBDA score would thus allow for better management of these patients. In contrast, other conditions that affect the level of inflammatory mediators might also impact the disease activity score; and it would be valuable to see some work exploring the potential impact of cancer, infection, or vaccination on this multi-biomarker-based score. Likewise, it is known that some blood tests, such as ESR, can be influenced by age, sex, or conditions such as anemia, which raises the question of 20 no study to date has been published that reports the influence of sex, age, obesity, or presence of extra-articular manifestations on the MBDA score. Such studies would be useful to provide further context for interpretation of the MBDA score. In view of these considerations, the MBDA score and clinically-based measures provide complementary information for assessing disease activity in patients with RA.
It is also important for a disease activity measure to be consistent in patients regardless of their duration of disease and/or the nature of their treatments. A score based on biomarkers might be particularly influenced by biologic treatment. Calculation of the MBDA score is based on the serum concentration of multiple biomarkers representing different pathways involved in the pathophysiology of RA, a factor that could confer more robustness to the score. It is, however, important to assess the performance of such a disease activity measure under new treatment conditions. Literature on the MBDA score has shown that it tracked changes in disease activity after response to MTX and can therefore be used to assess changes in disease activity. In patients with incomplete response to oral DMARDs, the MBDA score was shown to be consistent in measuring response to different TNF inhibitors. In another study, the MBDA score was found to decrease significantly more (P=0.008) and in a dose-dependent manner (P,0.001) in subjects treated with the investigational drug mavrilimumab than in the placebo group. 26 Understanding the change in individual biomarkers as well as in the overall score under different conditions would need further confirmation.
A new application for the biomarker-based disease activity measure is in the arena of clinical trial design, where this measure could potentially add value as an inclusion criterion for patient eligibility. The recent medical literature suggests that, contrary to conventional thought, among RA patients who are DMARD-experienced, acutephase reactants such as CRP frequently do not correlate with disease activity measures, including joint counts and global assessments. 16 Based on this finding, Kay et al speculated that using elevated CRP as an inclusion criterion for clinical trials of experimental RA treatments may exclude some patients with active disease. 16 Using a high MBDA score as a complementary inclusion criterion might help to identify those patients who would have been otherwise excluded. This approach may lend new insights into RA clinical trial design.
In a 2013 review, Murray and Lopez addressed the challenge of measuring the burden of global disease and the importance of disease-specific metrics. 34 Such measures have become standard in medical fields from cardiology and diabetes to management of human immunodeficiency virus. In addition to other benefits, objective measures of disease have helped control undertreatment and overtreatment of patients. Rheumatology is lagging in that regard, with limited objective metrics available to practitioners to assess disease activity and treatment response. The development and validation of the MBDA score is a step forward for the field of rheumatology in that it represents an objective tool that can help physicians perform regular objective disease assessments in the clinical setting aimed at the treat-to-target strategy and ultimately resulting in improved patient outcomes.
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